One of the possible ways to optimize the productive performance of poultry is through the physical processing of ingredients, which can improve the use of nutrients in these animals. In this context, this study was to evaluate the effects of different corn particle sizes in diets on the productive performance and egg quality of semi-heavy laying hens. Sixty naked neck laying hens were used from 24 weeks of age and distributed in a completely randomized design. Experimental diets in different treatments contained corn grain ground into sieves with a diameter of 2, 4, or 8 mm to provide corn particles with a geometric mean diameter (GMD) of 605 (fine), 1,030 (medium), and 2,280 mm (coarse), respectively. The feed and leftovers were weighed daily throughout the experimental period to determine the feed intake and feed conversion. Different corn particle sizes did not affect any aspect of the productive performance of hens, except for feed intake. Hens fed fine and medium corn particles exhibited higher values for egg yolk color, eggshell weight, and eggshell thickness. It is suggested that semi-heavy laying hens should be fed mash diets containing corn particles with GMD from 605 to 1,030 mm, because coarse corn particles cause a negative effect on eggshell quality.
Introduction
One of the main causes of low productive performance of animals of economic interest is the thermal stress condition (Mascarenhas et al., 2018) , characterized mainly by the high temperature in the breeding systems (El-Sabrout 2018) . In this sense, one of the possible ways to optimize the productive performance of poultry is through the physical processing of ingredients, which can improve the use of nutrients in these animals (Attia et al., 2012) . In this sense, the particle sizes of the ingredients are given by the geometric mean diameter (GMD), which characterizes the mean sizes of particles, expressed in micrometers (Zanotto and Bellaver, 1996) .
In recent years, the interest is increasing in the effects of dietary granulometry on poultry production, where studies continue to seek new practices to optimize the performance and feed efficiency of these animals Safaa et al., 2009; Attia et al., 2014a Attia et al., , 2014b .
However, studies on the effects of different particle sizes of diet ingredients on egg quality and productive performance show contradictory results. The lack of uniformity in these results may be associated with factors such as physicochemical characteristics of the ingredients, management, age and health status of the birds. (Frikha et al., 2011; Herreira et al., 2017) . Safaa et al. (2009) observed that feed intake was higher in hens fed coarse wheat particles than in hens fed medium-sized and fine particles. However, Gewehr et al. (2010) observed that different corn particle sizes did not significantly influence the performance or egg quality of semi-heavy laying hens. The use of appropriate particle sizes in feed formulations is of fundamental importance to improve performance and reduce production costs (Attia et al., 2014a (Attia et al., , 2014b . However, little is known about the use of appropriate particle sizes to optimize egg production (Gewehr et al., 2011) . The aim of this study was to evaluate the effect of different corn particle sizes in diets on the productive performance and egg quality of semi-heavy laying hens.
Materials and methods
Animal care and handling procedures followed the guidelines of the Ethics Committee on the Use of Animals in Experiments of Universidade Federal Rural do Semi-Arido (CEUA-UFERSA).
Experimental location
The experiment was conducted in the poultry sector of the Federal Rural University of the Semi-Arid, Mossor o, RN, Brazil (latitude, 05 11 0 S; longitude, 37 22 0 W; altitude, 16 m above sea level). Environmental variables were measured during the trial period ( Table 1 ). The wind speed (m/s) and air temperature ( C) was measured with a precision anemometer (Lutron, YK-2005AH, Kolkata, India). Relative humidity (%) were measured using a digital thermohygrometer (REED Instruments, 8726, Quebec, Canada).
Diets and experimental design
In total, 60 semi-heavy laying hens (Label Rouge line) at 24 weeks of age were selected and distributed in individual galvanized wire cages (length, 0.50 m Â width, 0.45 m Â height, 0.40 m) with feeders and nipple drinkers for 10 weeks. The hens were selected based on uniformity in body weight and laying rate, and then, were assigned to the various treatments in a completely randomized design. No artificial lighting program or climatization systems were used throughout the experimental period. The ventilation, air temperature and humidity inside the shed were controlled by the opening (07:00) and closing (17:00) of lateral curtains.
The hens were housed from the 24th to 34th weeks of age. The average weights of the hens at the beginning and end of the experiment were 4,150 and 3,980 g, respectively. The treatment groups were fed diets containing corn particles of different sizes. The corn was processed in a hammer mill with sieves, and the sieves are with diameters of 2, 4, and 8 mm. The GMD of the grain particles were measured with a granulometer as described by Zanotto and Bellaver (1996) . The corn particles fed to hens had a GMD of 605 (fine), 1,030 (medium), or 2,280 mm (coarse).
Isonutritive diets were formulated according to Rostagno et al. (2011) for the nutritional requirements of semi-heavy laying hens based on the medium production of egg mass (Table 2) , with feed (140 g/bird) supplied twice per day at 07:00 and 16:00, and water provided ad libitum.
Performance and qualitative analysis of eggs
Diets and leftovers were weighed daily throughout the trial period to determine the feed intake (g/bird per day) and feed conversion (the ratio of feed intake to egg mass, g/g). During the trial period, egg production was recorded daily to determine the laying rate (%), egg weight (g), and egg mass (g/bird per day). All eggs produced on 3 consecutive days each week were individually weighed and examined to assess their quality. The egg quality analysis was based on yolk weight (g), albumen weight (g), shell weight (g), shell thickness (mm), and yolk color.
The eggshells were carefully washed to preserve their inner membranes and were then transferred to a forced air circulation oven to dry for 24 h at 55 C. Then, the eggshells were weighed (g), yielding the percentage of the eggshell weight relative to the egg weight. The average eggshell thickness (mm) was determined by measuring the thickness at 3 points along the equatorial region of the egg using a digital caliper. The egg yolk color was visually analyzed using the Roche Yolk Color Fan (DSM Nutrition Product, Basel, Switzerland), with a scale of shades ranging from 1 (lightest) to 15 (darkest), as described by Stadleman (1977) .
Statistical analyses
An one-way ANOVA was performed to evaluate the effect of treatment groups on the parameters studied using SAS software (SAS, 1999) . The averages were estimated by the least squares method and compared with Tukey's test (P < 0.05).
Results and discussion
The effects of different corn particle sizes on the laying rate, egg weight, egg number, egg mass, feed intake, and feed conversion during the experimental period are shown in Table 3 . There was no significant effect of corn particle size on the laying rate, egg weight, egg number, egg mass, or feed conversion. These results corroborate the findings of Safaa et al. (2009) , who reported that feed particle size did not have a significant effect on egg production characteristics.
Feed intake was higher for hens fed coarse corn particles than for those fed fine corn particles (P < 0.05). This higher feed intake with coarse corn particles, as well as the statistical similarity with hens fed medium corn particles, is attributed to the natural behavior of the birds in selecting coarse particles in the feed Attia et al., 2012) . According Nir et al. (1994) , coarse particles are better adapted to beak size than finely ground particles. However, even with the reduction in feed intake there was no reduction in productive performance for hens fed fine particles (Zhang and Coon, 1997; Fronte et al., 2013) .
The effect of different corn particle sizes on egg quality are shown in Table 4 . Herreira et al. (2017) and Hafeez et al. (2016) did not observe effect of different corn particle sizes on the yolk color. 1 Assurance levels per kilogram of product: vitamin A 10,000,000 IU, vitamin D 2,000,000 IU, vitamin E 30,000 IU, vitamin K 3.0 g, thiamine 2.0 g, riboflavin 2.0 g, pyridoxine 6.0 g, cobalamin 1.5 g, pantothenic acid 12 g, folic acid 1.0 g, biotin 1.0 g, niacin 50 g. 2 Assurance levels per kilogram of product: copper 20 g, iron 100 g, selenium 0.25 g, iodine 2.0 g, manganese 160 g, zinc 100 g.
In the present, yolk pigmentation was higher in the fine corn particles, while it was lower for hens fed coarse particles. The results of hens fed medium particles were statistically similar to those of hens fed the other diets. The smaller corn particle size possibly increased surface contact with intestinal enzymes and carriers, which favored enterohepatic absorption of carotenoids for ovary and egg yolk pigmentation, thereby enabling more efficient zeacarotene absorption. Eggshell quality (weight and thickness) was significantly affected (P < 0.05) by corn particle size. The highest values were found in the medium corn particle size, which differed from the coarse, but both did not differ from the fine. Medium corn particles size allows a slow passage of food through the digestive tract, thereby improving the physical activity in the gizzard and intestinal absorption to provide good synchronization and availability of carbonate calcium for eggshell calcification in the oviduct (Zhang and Coon, 1997) .
In the present study, calcium absorption was favored by the effect of corn particle size on the digestive tract. Rohe et al. (2014) reported that coarser granulometry influences gastrointestinal function and development, as well as the microstructure of the intestinal epithelium. These factors would be closely associated with digestibility. Contrasting results regarding egg quality were described by Safaa et al. (2009) and Witt et al. (2009) , who reported that different corn and limestone particle sizes do not influence eggshell quality, respectively.
Conclusion
It is suggested that semi-heavy laying hens should be fed mash diets containing corn particles with a GMD from 605 to 1,030 mm, because coarse corn particle causes negative effect on eggshell quality. Thicker eggshells are more desirable because they decrease the chances of breaking during transportation and marketing, preventing economic losses for all links in the poultry production chain.
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